Full factorial experimental design was used to optimize the operating conditions of lactose converting into lactulose under electro-activation conditions. The ANOVA showed a high correlation coefficient R 2 (0.9889) and a low root mean square error (1.4 ± 0.15%) values for the regression model of the experimental design, indicating the good predictive nature of the model. The obtained results after optimisation showed that the optimum electro-isomerization conditions are the electric current of 300 mA, temperature of 10 °C, and reactor configuration in which a cation exchange membrane separated the central compartment from the cathodic one in which the electro-isomerization reaction was conducted. According to the optimized conditions, the maximum lactose conversion into lactulose was 30 ± 1.23%. As by-products of the electro-activation, only small amounts of galactose were observed.
Introduction
Lactulose (4-O-ß-D-Galactopyranosyl-D-Fructose) is a prebiotic which can be produced by isomerization of lactose under alkaline conditions. Since its discovery my Montgomery and Hudson in 1930 , lactulose was extensively studied from chemical, process synthesis and applications points of view. Lactulose production is possible by chemical and enzymatic methods. Both of them have serious limits. The chemical synthesis is costly because of the low isomerization yield and the need for several purification steps. The enzymatic synthesis is also expensive because of the cost of the enzymes and the limited times or reusing them. Recently, electro-activation of lactose solution has been shown to be highly promising, safe and economic green technology for lactulose production (Aït Aissa & Aïder, 2013) . It is based on electrochemical reactions at the cathode/solution interface. The oxydo-reduction reactions at this interface generate highly reactive alkaline medium which is extremely favourable for lactose isomerization into lactulose. The accumulated knowledge on lactulose production can be successfully used to design optimal process for lactulose synthesis following lactose electro-activation. In this context, rational experimental design can be used by optimising the main involved experimental conditions. Moreover, the necessity of optimizing lactulose production is justified by the fact that the global demand for this prebiotic is constantly growing, it finds uses in feed and functional food as well as in the pharmaceutical industry as a carrier of medicines (Paseephol, Darryl, Small, & Sherkat, 2008) .
Experiments are performed by investigators in virtually all fields of inquiry, usually to discover something about a particular process or system. A designed experiment is a test or series of tests in which purposeful changes are made to the input variables of a process or system so that we may observe and identify the reasons for changes in the output response (Tagushi et al., 1999) . The process or system under study can be represented by the model shown in Figure 1 (Wu & Hamada, 2000; Siomina & Ahlinder, 2008) . One can usually visualize the process as a combination of different independent variables that transform some input data into outputs or observable responses. An experimental design is a plan for applying different experimental conditions to experimental units to determine how such conditions affect some measure of behaviour, usually known as the criterion or dependent variable. The objectives of the experiment may include the following: Determining which variables are most influential on a response Y; determining where to set the X variables so that Y is almost always near the desired nominal value; and determining how to set the influential X so that variability in Y is small; determining how to set the controllable X so that the effects of the uncontrollable variables Z 1 , Z 2 , ..., Z q are minimized. The fundamental principles in design of experiments are solutions to the problems in experimentation posed by the two types of nuisance factors and serve to improve the efficiency of experiments (Eriksson et al., 2008; Zhang, 2011; Damyanov & Germanova-Krasteva, 2012) .
The aim of this study was to develop a statistical model to optimize the process of lactulose production following electro-activation of lactose solution and to validate the model under laboratory experimental conditions. A full factorial experimental design was used to investigate the effect of applied electrical current, working temperature and electro-activation reactor configuration on the isomerization of lactose to lactulose by electro-activation.
Statistical Modeling of the Process

Mathematical Formulation
In this work, a full factorial design 2 k was used with k factors (k = 3), with each one at two levels. These levels will be designated by the digits -1 (low), and +1 (high). Each treatment combination in the 2 3 design will be denoted by three digits, where the first digit indicates the level of the factor X 1 , the second digit indicates the level of the factor X 2 , and the third digit indicates the level of the factor X 3 . The polynomial equation of the third order in equation 1 was used to model the response variable ŷ as a function of the input factors X's (Montgomery, 1976) .
For k = 3 (three parameters), the regression equation is given in the Equation 2. 0 1 1 2 2 3 3 1 2 1 2 1 3 1 3 2 3 2 3 1 2 3 1 2 3
Each experimental value y i is prone to the random errors Ɛ i with normal distribution as shown in Equation 3.
i î y = y + ε
Where:
b 0 is the overall mean response, b j is the main effect for factor (i = 1, 2,..., k) b jj is the quadratic effect for factor (i = 1, 2,..., k) b ij is the two-way interaction between the i th and j th factors, and b ijp is the three-way interaction between the i th , j th , and p th factors y i is the experimental response  i is the random error component.
Since there are 2 3 combinations, there are 7 degrees of freedom between these combinations. Each main effect has two degrees of freedom, each two-factor interaction has four degrees of freedom, and the three-factor interaction has eight degrees of freedom. With the consideration of n replicates (n = 3 in this study), there will be (n2 3 -1) total degrees of freedom and (2 3 (n-1)) degrees of freedom for error (16 in this study). In the present study, three factors are thought to influence the process of lactose electro-isomerization into lactulose in the electro-activation reactor. The electric current (X 1 ), the working temperature (X 2 ), and the reactor configuration (X 3 ). Two electric current intensities (200, 300 mA), two working temperatures (10, 20 °C), and two reactor configurations # 1 (CEM) and # 2 (AEM) are chosen for the model. The matrix X of the experiments is shown in Table 1 . Except of column X 0 , every column has an equal number with plus and minus signs. Then, the sum of products of signs in any two columns is zero. All these properties are implied by the orthogonality of the contrasts used to estimate the main effects. Yates' ordering (Yates, 1937 )
The coefficients of the Equation (2) A necessary condition for  will be minimized, the following equalities must be verified by the Equation 5: . . ... .
Y is the observations vector, Equation 7 Y= . .
The column matrix of coefficient is given in Equation 8. . b
The transposed matrix is given in Equation 9.
The equation system intended to determine coefficients is given in Equation 10. 
Then, it can be written under matrix form, Equation 11, 12 and 13.
The coefficients vector solution is shown in Equation 14.
For linear effects, the values of the coefficients are determined by the Equation 15.
For the interaction effects, coefficient values are determined by Equations 16-17.
In all cases, j= 1…k; p = 1…k and j ≠ p
The results of the calculated coefficients are shown in the Table 2 . 
Analysis of the Regression Model
The variance of the sample mean is given in Equation ( 
Where m is the replicate number. 
f i is the number of freedom, i = 1,…N
If N experiments are repeated m time, there will be then: The results of the calculated coefficients are gathered in the Table 4 . 
Calculation of Determination Coefficient
The determination coefficient value is given in Equation 26. These values let us to confirm that the chosen regression equation can be considered as appropriate.
Materials and Method and Experimental Validation
Chemicals
Lactose was purchased from Baltimore Biological Laboratory, USA, CAS Number: 603643. Standards of lactulose, glucose, galactose and fructose were purchased from Sigma-Aldrich, Canada. Sodium sulfate (Na 2 SO 4 ) and calcium chloride (CaCl 2 2H 2 O) were purchased from Scientific Fisher, Canada, CAS Number: 051558 and 045891, respectively.
Membranes
New and non-prepared for direct use anion (AM-40) and cation (CM-40) exchange membranes were purchased from the Publicly Traded Company Schekina-Azot (Shchekina, Russian Federation). A hydrophilic polyether-sulfone nanofiltration membrane N30F (Basel, Switzerland) was used.
Ion Exchange Membranes Pre-Treatment
Before the use of the ion exchange membranes in the electro-activation reactor, a pre-treatment was necessary and conducted as specified by the manufacturer: Firstly, the membrane surface was cleaned by 95%-ethanol. After that, they were kept for 24 h in a saturated NaCl solution (320 g/L). Then, they were washed with distilled water and kept again in a 160 g/L NaCl solution for another 24 h. After, they were again washed with distilled water and kept in an 80 g/L NaCl solution for 24 h. Finally, the membranes were transferred into a diluted NaCl solution (40g/L) until use.
Electro-Activation Reactor Design
The used electro-activation reactor was composed of three compartments (anodic, central and cathodic). The cathodic compartment was the one dedicated to the electro-isomerization reaction and was filled with 60 mL of lactose solution (10% w/v) and 0.05 M/L of calcium chloride hydrate (CaCl 2 .2H 2 O). The calcium chloride was used in order to ensure the passage of electric current in the lactose solution at the moment when the electro-activation process was run. The anodic and central compartments were filled with similar electrolyte composed of sodium sulfate (Na 2 SO 4 ) at 0.3 M/L concentration. Dependently of the reactor configuration, the central compartment was separated from the cathodic one by cation, anion exchange membrane or nanofiltration membrane. Two dimensionally stable electrodes were installed in the anodic and cathodic compartments. The anodic electrode was made of Ruthenium-Iridium coated titanium which is highly resistant to corrosion. A food grade Stainless-304 electrode was used in the cathodic side. Both the electrodes were connected to a direct current electric generator (Gw INSTECK SPS 3610 EL 894065). In this study, sub-ambient temperatures were used. To ensure these conditions, the electro-activation reactor was directly placed in a refrigerated bath under circulating mode (Fisher Scientific, ISOTEMP 1016S, USA). Finally, a mixing device (Cafrano, Canada, N° 12865) was placed in the cathodic compartment to ensure homogeneity of the solution throughout the electro-activation process. Samples from the cathodic compartment were collected at 2, 10 and 30 min after the process was started. The conductivity ( λ ) and the pH of the solution in the cathodic compartment were 
Reactor Configuration
The electro-isomerization of lactose into lactulose was studied under 3 different reactor configurations as follows: 
Sugars HPLC Analyses
The collected samples were analyzed by high performance liquid chromatography which was performed by an analytical HPLC system model 715 Alliance Waters (Milford, MA, USA) with a Refractive Index detector (Waters, Model 410). HPLC grade water degassed by ultrasound was used as the mobile phase. The analysis was carried out by using a Sugar-Pack column of 300 x 6.5 mm (Waters, Milford, MA, USA). HPLC analyses were carried out under an operating temperature of 85°C at a flow rate of 0.5 ml. min -1
. Introduction of samples into the HPLC system was via an injection valve fitted with a 10 µl injection loop. The run time was set at 30 min per sample.
Statistical Analysis
The process of lactose isomerization into lactulose by electro-activation was studied on the basis of a full factorial experimental design. Each measure was carried out in a triplicate and mean values ± STD were calculated and used for the comparisons between the different treatments at 95% confidence level with a protected LSD test. Detailed analysis of the variance (ANOVA) was performed by means of SAS software (Version 9.1, SAS Institute, Cary, NC, USA). A decomposition of the ANOVA was also used to ensure the validity of the significance of each individual independent variable. Maple software (Version 14, Maplesoft, Waterloo Maple Inc, ON, Canada) was used for the process optimization.
Results and Discussion
Model Effectiveness and Validation by Experimentation Layout
The effectiveness is an indicator of the redundancy of an experimental design. It is defined by:
Model coeffiecient Number 7 E = = = 87.5% Experiment Number 8
The Table 5 gives the comparison of lactulose yield results obtained by experiments and those given by the regression equation of second order. One notices that the maximum deviation between the lactulose yield given by the regression equation and that given by each experiment do not reach 1.4%, which shows that the regression equation simulate perfectly the experiment. 
Effect of the Operating Parameters
The effect of (X 2 ) corresponds to the working temperature. It has a negative effect on the lactulose production. The temperature increasing involves the lactose degradation into by products. The effect of the (X 3 ) parameter corresponds to the reactor configuration. It has a negative positive action on the lactulose production. By using the reactor configuration 1 (CEM), the lactulose yield is more important than the AEM using. To study this interaction in the absolute, it becomes to remove the influence of effect (X 3 ). The choice of the experiments allows it. Two experiments reply to this condition, Table 6 . By summoning the results of these two experiments, the effect X 3 and the interaction effects (X 1 -X 3 , X 2 -X 3 , X 1 -X 2 -X 3 ) cancel themselves. Thus one can isolate the only action from effect X 1 and X 2 (Figure 1a) . On the Figure 1a , one notices that the high lactulose yield (21.034%) is produced at high electrical current (I = 300 mA) and at low working temperature (T = 10 °C). However, the low lactulose yield is produced at high electrical current but at high working temperature. To study this interaction, it becomes to remove the influence of effect (X 2 ). Two experiments reply to this condition, Table 7 . By summoning the results of these two experiments, the effect X 2 and the interaction effects (X 1 -X 2 , X 2 -X 3 , X 1 -X 2 -X 3 ) cancel themselves. Thus one can isolate the only action from effect X 1 and X 3 ( Figure  1b ) which shows the interaction between X 1 (electric current) and X 3 (reactor configuration). One notices that the high lactulose yield (21.599%) is produced at low electrical value (I = 200 mA) by using the reactor configuration 1 (by using the cation exchange membrane between the central and cathodic compartment). The low lactulose yield is obtained at low electrical current by using the reactor configuration 2 (anion exchange membrane is used to separate the central and cathodic compartment). To study this interaction in the absolute, it becomes to remove the influence of effect (X 1 ). The choice of the experiments allows it. Two experiments reply to this condition, Table 8 . By summoning the results of these two experiments, effect X 1 and the interaction effects (X 1 -X 2 , X 2 -X 3 , X 1 -X 2 -X 3 ) cancel themselves. Thus one can isolate the only action from effect X 1 and X 3 (Figure 1c ) which shows the interaction between X 2 (working temperature) and X 3 (reactor configuration). It shows that the high lactulose yield (21.92%) is produced when the cation exchange membrane separates the central and the cathodic compartment (reactor configuration 1). However, the low lactulose yield is produced at high working temperature (20 °C) by using the reactor configuration 2 (anion exchange membrane used to separate the central and cathodic compartment). 
Iso-Response Curves
The main objective of this work is to obtain a high lactulose yield by isomerisation of lactose in electroactivated reactor. Consequently, one finds the area of the study domain where this condition is observed. Therefore, the layout of the two level iso-responses of the three studied factors (electric current, temperature and reactor configuration) makes it possible both to predict the maximum value of the lactulose yield and to visualize the displacement of the delimiting optimum zone according to the operating conditions (Figures 3-5) . The model is exploited in Figure 3 to highlight the dependence between the working temperature (X 2 ) and the reactor configuration (X 3 ), that while varying the electrical current (X 1 = 200 mA and 300 mA). The curves (a and b) show both that the high lactulose yield is obtained while one chooses the reactor configuration 1 (X 3 = +1) and the low temperatures values.
The models used in Figures 3 (a, b) are given in Equation (29-30) respectively. The iso-response curves (Figures 3-5 ) assure well that the study areas which optimize the lactulose production yield contains all the maximum values which are generated by the factor interaction study, such as 20. 19% (X 1 , X 2 ); 21.599% (X 1 , X 3 ) and 21.92% (X 2 , X 3 ). The obtained experimental result for the process validation of the used model are summarized in the Figures 6-7. As it can be seen, lactulose production following lactose electro-isomerization is mainly governed by the current density. However, the end product quality (purity) is influenced by other process parameters such as the working temperature. 
Conclusion
In this work, lactulose was produced in an electro-activation reactor. Process parameters such as the electric current intensity X 1 (200, 300 mA); working temperature, X 2 (10 -20 °C); reactor configuration, X 3 (1 (CEM), 2 (AEM)) were considered as the principal factors affecting the isomerization of lactose into lactulose by using the electro-activation process. A regression model which links the lactulose yield with the experimental parameters was developed in this work. The analysis of the variance (ANOVA) of the experimental data showed a high correlation coefficient R 2 (0.98) and a low root mean square error (1.4%) values indicating the good predictive of the model. Variance Homogeneous test, Cochran's test, Bartelett's test, Student's test, Fisher's test and Significant Regression test are applied to assure the validation and the effectiveness of the regression postulated model. The using full factorial experimental design 2 3 allowed the selection of the optimal experimental conditions to generate a  30% isomerization yield of the initial of lactose to free lactulose with minimal galactose formation. The following optimal experimental conditions were: electric current intensity I 300 mA; working temperature, T = 15 °C (sub-ambient) and reactor configuration 1 (Config. 1) in which a cation exchange membrane was used to separate the cathodic compartment from the central section. This configuration is the most efficient since it allows keeping high reactivity of the isomerization medium.
